Numerous thiol-reactive compounds cause oxidative stress where cells counteract by activation of survival strategies regulated by thiol-based sensors. In Streptomyces coelicolor, a model actinomycete, a sigma/antisigma pair SigR/RsrA controls the response to thiol-oxidative stress. To unravel its full physiological functions, chromatin immuno-precipitation combined with sequence and transcript analyses were employed to identify 108 SigR target genes in S. coelicolor and to predict orthologous regulons across actinomycetes. In addition to reported genes for thiol homeostasis, protein degradation and ribosome modulation, 64 additional operons were identified suggesting new functions of this global regulator. We demonstrate that SigR maintains the level and activity of the housekeeping sigma factor HrdB during thiol-oxidative stress, a novel strategy for stress responses. We also found that SigR defends cells against UV and thiol-reactive damages, in which repair UvrA takes a part. Using a refined SigR-binding sequence model, SigR orthologues and their targets were predicted in 42 actinomycetes. This revealed a conserved core set of SigR targets to function for thiol homeostasis, protein quality control, possible modulation of transcription and translation, flavin-mediated redox reactions, and Fe-S delivery. The composition of the SigR regulon reveals a robust conserved physiological mechanism to deal with thiol-oxidative stress from bacteria to human.
Introduction
Cells are exposed to various forms of oxidative stressors such as reactive oxygen species (ROS), natural or xenobiotic redox-active compounds, or some antibiotics, which elicit the formation of ROS inside the cell. The response mechanism involves various enzymes to remove such oxidants, systems to repair and recycle damaged cell components, and to maintain optimal cell physiology (Imlay, 2008; Zuber, 2009) . One form of oxidative damage that frequently occurs in proteins and small molecules is the oxidation of cysteine thiols by comprehensive characterization of the S. coelicolor SigR regulon helped us understand in more details the global effects of and cellular response to thiol-oxidative stress. Furthermore, to identify functions that are most critical to survive thiol-oxidative stress response, we used the SigR-binding consensus sequence to predict orthologous thioloxidative stress regulons in other actinomycetes. The analysis revealed a core conserved regulon as well as lineage-specific adaptations.
Results and discussion

Identification of SigR target genes by chromatin immuno-precipitation on a chip (ChIPchip) and sequence analysis
To identify SigR target sites in the S. coelicolor genome we performed a ChIP-chip experiment using anti-SigR serum with wild-type cell cultures treated with diamide to activate SigR activity. We also performed the same ChIP-chip experiment with a ΔsigR mutant to subtract non-specific chromatin enrichment because S. coelicolor possesses many additional sigma factors that may cross-react with the anti-SigR serum. After subtracting non-specific signal, we identified 122 regions significantly enriched by the immunoprecipitation of SigR (P-value ≤ 0.05). Next, to identify more precisely putative SigR promoters, we searched within the enriched genomic regions for putative SigR promoters by detecting sequences that differed from the previously proposed SigR promoter (GGAAT-N 18 -GTT; (Paget et al., 2001) by at most 2 nucleotides with either of 2 possible spacer lengths (18 and 19 nucleotides) on either DNA strand. Only 5 of the 122 enriched regions did not contain at least one sequence matching our criteria, increasing the confidence that the regions enriched by the ChIP-chip assay are indeed SigR binding sites. Overall, 176 putative SigR promoter sequences were detected, and 108 of them are oriented towards annotated genes within 500 nt from the start codon.
In Table 1 , we summarized genes predicted to be transcribed from these 108 promoters. Detailed information about the position of SigR-bound regions (enriched ChIP peaks), position and sequence of the predicted SigR promoters is presented in Table S1 . Considering operon structures (http://scocyc.streptomyces.org.uk), more than 163 genes are predicted to be under the direct control of SigR. Among these, 44 promoters have been previously reported to produce SigR-dependent transcripts by S1 mapping experiments (Paget et al., 2001; Park and Roe, 2008; Kallifidas et al., 2010) or microarray studies (Kallifidas et al., 2010) . Re-examination of the transcriptional microarray data (Kallifidas et al., 2010) , using slightly different criteria (see Experimental procedures), predicts SigR-dependent transcripts from a total of 62 promoters within 57 of the regions bound by SigR in vivo. We marked these promoters in Table S1 . Therefore, our ChIP-chip analysis revealed between 46 and 64 new SigR target promoters, undetectable from transcriptome profiling alone. The lack of detection in microarray analysis alone could be due partly to low level of gene expression and/or additional transcription from one or more SigR-independent promoter.
When 108 SigR target operons were classified on the basis of known and predicted functions, many of them fall in the functional groups related with maintenance of thiol redox homeostasis and sulphur-containing amino acids (11 operons; groups 1 and 2 in Table 1) , protein folding and degradation (7 operons; group 5), and oxidoreductases (15 operons; group 8) (Table 1) , fortifying previous proposals that the SigR regulon functions to achieve redox homeostasis and protein quality control under conditions of thiol-oxidative stress (Paget et al., 2001; Park and Roe, 2008; Kallifidas et al., 2010) . Within these groups, we noticed newly added genes encoding a putative mycoredoxin (SCO3442), and a eukaryotictype proteasome system that degrades proteins ligated with prokaryotic ubiquitin-like protein Pup (Mpa, PafD, Pup, PrcAB) first reported in M. tuberculosis (Pearce et al., 2008; Burns and Darwin, 2010) . This gene cluster encodes a putative AAA ATPase (Mpa), an accessory factor (PafD), prokaryotic ubiquitin-like protein (Pup), 20S proteasome alpha and beta subunits (PrcAB) similar to those encoded by Mycobacterium tuberculosis (Pearce et al., 2008; Darwin, 2009) . S1 mapping analysis demonstrates that mpa (SCO1648) has a SigR-dependent promoter, which is diamide-induced, in addition to ones that are independent of SigR ( Fig. 1 ). Since the thiol-oxidant diamide can cause protein misfolding and aggregation (Kallifidas et al., 2010) , induction of proteolytic systems by diamidetriggered SigR matches biological necessity.
We also found a large number of SigR target genes that may function in modulating ribosome-associated processes (9 operons; group 3). Newly identified genes in this group encode probable translation initiation factors (IF-2, IF-3), 50S ribosomal proteins (L20, L35), ribosome-associated GTP-binding proteins (EngA, ObgE, Era), a ribosome binding factor RbfA, and a tRNA pseudouridine synthase (TruB). Observation of many ribosomeassociated genes in the SigR regulon leads us to postulate that thiol-oxidative stress may somehow hinder translation processes, against which cells induce a SigR-mediated response. Induction of tmRNA (ssrA) by SigR under thiol-oxidative stress suggests an increase in truncated mRNA in the A-site of ribosome in the cell. It has been shown in E. coli that ribosome stalling induces A-site bound RelE or RelE-like RNA interferases to cut mRNA (Neubauer et al., 2009; Christensen-Dalsgaard et al., 2010) , whose continued translation requires tmRNA that adds the SsrA tag to the truncated protein for degradation. In this respect, a recent discovery of the role of tmRNA in relieving polyribosomal stalling in dnaK and other stress-related mRNA to facilitate their translation in streptomycetes highlights a potential new link between ribosomal modulation and stress response (Barends et al., 2010) . Increased demand for guanine nucleotides due to elevation in activity of RelA and GTPbinding proteins during stress could be met by increased GMP synthesis by guaB and guaB1 gene products. Increased demand for guanine nucleotide can also be explained by the fact that guanine is most vulnerable to oxidation among four DNA bases due to its lower oxidation-reduction potential (Kawanishi et al., 2001 ).
Many transcription factors (15 operons; group 6) are predicted to be SigR targets, implying that SigR is a global regulator that can change the transcription profile through cascades of affected transcriptional regulators. Among newly identified SigR targets are those encoding the major housekeeping sigma factor HrdB (SCO5820) and a SigR-like ECF sigma factor SigR2 (SCO3450) and its putative partner RsrA2-2 (SCO3451). The gene for an IclR-like transcription factor (SCO5552) called 'NdgR' that regulates amino-acid-dependent growth and antibiotic production (Yang et al., 2009 ) also contains a SigR-binding promoter sequence.
Synthesis of a number of redox-sensitive cofactors (such as Fe-S, CoA, NAD, lipoate, folic acid, pyridoxal phosphate and molybdopterin) appears to be regulated by SigR (9 operons; group 11). In addition to the previously identified sufA, coaE, folE and moeB genes [encoding a putative Fe-S assembly factor, coenzyme A kinase, GTP cyclohydrolase I for folate biosynthesis, and sulphurylase possibly involved in molybdopterin synthesis (Paget et al., 2001 ) respectively], we found that sufU, nadA, lipA and pdxH2/3 [encoding putative NifU-type Fe-S assembly factor, quinolinate synthetase A subunit for nicotinamide synthesis, lipoic acid synthase, and phospho-pyridoxamine synthetase for pyridoxal phosphate (vitamin B6)] were all direct targets of SigR. It is interesting to note that some of these proteins are either putative Fe-S assembly components (SufA, SufU) or Fe-S containing enzymes (NadA, LipA). In addition, the cofactors they synthesize contain sulphur atoms (Fe-S, folate, CoA, lipoic acid), or involve sulphur-mediated reactions (LipA, MoeB). Exposed Fe-S cofactors are labile to oxidation, so we propose that increased SigR activity contributes to replenishing Fe-S cofactors, Fe-S-containing proteins, and/or other oxidation-labile S-containing factors upon oxidative stress.
S1 nuclease mapping confirms predicted SigR promoters
To provide additional experimental evidence for some of the newly identified SigR targets, we examined 25 selected transcripts by S1 nuclease mapping at different times after exposing S. coelicolor cells to the thiol oxidant diamide. We observed SigR-specific transcripts from 24 promoters whose 5′ ends match with the predicted location of the promoters (Table S1 ). This supports the hypothesis that nearly all the SigR regulon genes presented in Table 1 produce SigR-dependent transcripts. We detected new SigR-dependent transcripts from 15 promoters whose expression has not been previously reported (SCO1084, 1600 (SCO1084, , 1648 (SCO1084, , 1758 (SCO1084, , 1936 (SCO1084, , 2194 (SCO1084, , 2254 (SCO1084, , 2595 (SCO1084, , 2763 , confirming that ChIP-chip analysis detects SigR target genes with high sensitivity. Figure 1 shows S1 mapping analysis of transcripts from these promoters. Some genes produce transcripts initiated primarily from SigR-dependent promoters (Fig. 1A; 1084 , 1920 , 1936 , 1958 , 2161 , 2194 , 2537 , 2763 . Others utilize additional SigR-independent promoters (Fig. 1B; 1600 , 1758 , 2254 , 2595 .
Examination of genes with multiple promoters reveals diverse patterns of SigR-dependent modulation. For example, SCO1758 (engA) encoding a putative GTPase produces p1 transcript as predicted (250 nt upstream from the start codon; Table S1 ) and also the downstream unpredicted p2 transcripts, whose promoter sequence (GGAT-N16-GTT; ggatcacccggtaaaggggtgtt) resembles the SigR consensus but with a shorter spacing of 16 nucleotides. This implies a flexibility of spacing between −35 and −10 elements of SigRdependent promoters. In some genes such as SCO2254 the dominant transcripts produced under non-stressed condition disappear transiently following stress independent of SigR, during which period the SigR-dependent transcripts are induced.
In promoters such as p2 of SCO1758 (engA; Fig. 1B ) and SCO3442 (mrxB; Fig. 1A ) (encoding a paralogue of mycoredoxin and a glutaredoxin-like protein) the SigR-induced transcripts still appear in the ΔsigR-rsrA mutant but with delayed response. A similar phenomenon was also observed for SCO3091 (cfa) encoding a putative cyclopropane-fatty acyl phospholipid synthase (Fig. 1A) . The delayed induction kinetics in ΔsigR-rsrA mutant suggests that these SigR-dependent promoters may also be recognized by SigR paralogues that recognize similar promoter sequences as SigR. Similar induction pattern has been reported for transcripts encoding Lon protease, which are induced rapidly by SigR but with slower kinetics in the absence of SigR (Kallifidas et al., 2010) . SCO3450 and SCO3451, which are SigR regulated genes encoding homologues of SigR (SigR2) and RsrA (RsrA2-1), respectively, show a similar pattern of induction (data not shown). A likely candidate for a sigma factor that shares similar promoter recognition sequence with SigR is SCO5147 (SigR1), which is a close homologue of SigE from M. tuberculosis (MtbSigE) as exemplified in the phylogenic comparison of ZAS-linked ECF sigma factors from S. coelicolor and M. tuberculosis (Fig. S2) . The promoter for sigR1 has GGAAC-N18-GTT sequence that is not bound by SigR in our ChIP analysis. It is induced by diamide with slower kinetics (data not shown), and we propose that it is recognized by SigR1 itself. These observations indicate that a subset of SigR regulon genes can be recognized by at least one closely related SigR paralogue in addition to or in the absence of SigR.
SigR maintains the level and activity of the housekeeping sigma factor HrdB during thioloxidative stress
The SigR regulon includes several known or predicted transcription factors (SCO1425, 1619 (SCO1425, , 2331 (SCO1425, , 2481 (SCO1425, , 2537 , which may significantly increase the number of genes regulated in response to thiol oxidative stress. In addition, we found that the major housekeeping sigma factor HrdB (SCO5820) possesses a previously unrecognized SigR-dependent promoter (GGAAT-N18-GCT) about 50 nt downstream of the known SigR-independent promoter (p1) (Buttner et al., 1990) (Fig. 2A) . S1 mapping analysis of hrdB transcripts revealed that p1 is indeed the primary promoter in the absence of stress. However, diamide stress rapidly decreased the amount of p1 transcripts and increased the SigR-dependent transcripts from the predicted down-stream p2 promoter (Fig.  2B ). The decrease in p1 transcripts upon oxidative stress occurred independently of SigR. This indicates that SigR functions to elevate hrdB transcription under oxidative stress conditions. Existence of a second promoter to compensate for loss of transcription from the primary promoter is also observed in SCO2254 encoding a putative efflux membrane protein (Fig. 1B) , suggesting that this phenomenon may not be rare among SigR-regulated genes. Whereas some primary promoters such as p1 of SCO5820 (hrdB) and p1 of SCO2254 are affected dramatically by diamide treatment, the primary promoter p1 of SCO4797 (uvrD) is not affected at all. Therefore, the inhibitory effect of oxidative stress on transcription from a major p1 or housekeeping promoter may be a specific response at a subset of genes.
To test whether SigR controls the amount of HrdB protein during oxidative stress, as predicted from transcript analysis, we monitored the amount of HrdB protein by analytical immunoblot analysis. To ensure quantitative detection of HrdB, we diluted cell extract with cell lysis buffer containing non-specific BSA protein as a protein buffer that could minimize uncontrolled loss of proteins in cell extract during liquid handling and electrophoresis. Results in Fig. 2C demonstrate that HrdB protein is maintained during oxidative stress condition at a level slightly higher than that under non-stressed condition in the wild type. On the contrary, the level of HrdB decreased significantly in ΔsigRrsrA mutant upon oxidative stress condition. Even though it is not clear why the level of HrdB protein increases in the wild type during the stress, it is obvious that SigR does contribute to maintain the level of HrdB protein, as predicted from transcript analysis. We further monitored the activity of HrdB by examining transcripts from HrdB target promoters (rrnDp1, p3 and p4) in the ribosomal RNA operon rrnD, in the wild type and mutant. All four promoters of the rrnD operon share the consensus sequence for HrdB recognition, especially in the −10 region, to varying extent (Baylis and Bibb, 1988; Hahn and Roe, 2007) . In vitro transcription from rrnD promoters with reconstituted holoenzyme containing HrdB (Eσ HrdB ) has demonstrated that all four promoters can be transcribed by Eσ HrdB , even though transcription from p3 and p4 promoters requires additional cellular factors (Hahn and Roe, 2007) . We found that the amounts of the abundant p3 and p4 transcripts were maintained throughout the stress period and even increased up to 50% and 30%, respectively, during 40-80 min diamide treatment. On the other hand, they both decreased continuously in the ΔsigRrsrA mutant to about 40% and 60% level, respectively, during the 2 h of stress (Fig. S3) . Transcripts from the p1 promoter decreased to 20% level during the stress in the mutant, whereas the level was maintained in the wild type (Fig. S3) . These results clearly demonstrate that SigR is necessary to maintain the level and activity of the major housekeeping sigma factor during thiol-oxidative stresses.
The UvrA protein is necessary to cope with UV and thiol-oxidative stresses
Among the newly discovered SigR targets are SCO1958, SCO4797 and SCO5188, which encode putative UvrA, UvrD and a paralogue of UvrD (UvrD2), respectively, predicted to function in nucleotide excision repair. The UvrABC endonuclease complex with UvrD (DNA helicase II) has been shown to repair UV-induced DNA damages, the most prominent of which are pyrimidine dimers (Sinha and Hader, 2002) . However, whether the UvrABC system is needed under thiol-oxidative stress condition and whether thiol-oxidative stress causes DNA damage have not been known. Consensus SigR promoters (GGCAT-N18-GTT for uvrA, GGCAT-N18-GTT for uvrD, GGAAA-N19-GTC for uvrD2) are located 103, 31 and 7 nt upstream from the start codons of respective genes (Table S1 ). The uvrA gene is transcribed at a very low level under unstressed conditions. However, upon diamide stress, it is drastically induced from a SigR-dependent promoter (Fig. 1A) . On the contrary, the uvrD gene is transcribed at a relatively high level from a SigR-independent promoter p1 during unstressed condition. Upon induction, the upstream SigR-dependent promoter p2 is induced (Fig. 1B) . The uvrD2 transcripts were not detectable by S1 analysis, probably due to low amount.
In order to examine whether UvrA indeed confers UV resistance, and whether SigR and UvrA have related functions in conferring resistance to UV and thiol-reactive compounds in S. coelicolor, we made a ΔuvrA strain and analysed its sensitivity to UV and thiol-reactive compounds along with ΔsigR-rsrA mutant. Figure 3 demonstrates that ΔuvrA has increased sensitivity to UV irradiation, and ΔsigR-rsrA is also sensitive to UV, though not as dramatically as ΔuvrA. Therefore, SigR is necessary to achieve optimal UV resistance possibly through inducing UvrA system. The SigR regulon genes were not induced by UV irradiation (data not shown), suggesting that UV itself is not capable of activating SigR function. SigR can be activated by thiol-reactive oxidants/electrophiles such as diamide and methyl hydroquinone (MHQ), as predicted from the induction of thiol-specific oxidative stress response by these compounds in B. subtilis (Antelmann et al., 2008; Nguyen et al., 2009) . Since some electrophiles can react not only with thiols in proteins and small molecules but also with DNA, we examined whether UvrA is needed to cope with chemical stresses caused by thiol-reactive electrophiles such as diamide, methyl hydroquinone (MHQ) and methyl glyoxal (MG). It has been reported that MG induces not only thiol-specific oxidative stress response but also SOS response, suggesting some DNA damage in B. subtilis. (Nguyen et al., 2009) . MG is known to cause DNA damage by reacting with DNA bases to form N 2 -(1-carboxylethyl)-2′-deoxyguanosine (CEdG) (Synold et al., 2008) . Whether this kind of damage is repaired by the Uvr system has not been reported. Whether thiol-reactive diamide and MHQ could elicit DNA damage has not been reported either. The result in Fig. 3 shows that UvrA is needed to defend cells against these electrophiles. As expected, ΔsigR-rsrA mutant became very sensitive to thiol-reactive electrophiles. Dramatic resistance of ΔsigR-rsrA toward MG is unexpected. Inability to induce many thiolhomeostatic components may somehow confer better survival relative to the wild type in the presence of MG in plate culture. When the sensitivity of ΔsigR-rsrA toward MG was monitored in liquid culture during early exponential phase (OD ~ 0.3), the mutant was more sensitive to MG than the wild type, suggesting that the resistance phenotype on plate culture could depend on treatment method (data not shown). Overall, the finding that SigR induces DNA repair proteins expands our understanding of the function of SigR to accommodate response towards UV-and some electrophile-incurred damages.
The phylogenetic analysis of SigR orthologues and their predicted respective regulons reveals a core conserved thiol oxidative stress regulon in Actinomycetes
The characterization of this larger SigR regulon in S. coelicolor furthers our understanding of the organism's response to thiol oxidative stress. However, it has been previously observed that the composition of a given regulon in a given organism may result from specific adaptations to its ecological niche (Dufour et al., 2008; 2010a; Perez and Groisman, 2009) . Therefore, the SigR regulon in S. coelicolor may comprise many functions that are specific only to this organism, and not shared by other organisms. Therefore, comparison of predicted SigR regulons in other organisms may indicate functions that are commonly required to cope with thiol oxidative stress in general apart from those specifically required for this organism. To test this hypothesis and predict which genes found in the S. coelicolor SigR regulon are most likely to be directly relevant to thiol oxidative stress, we performed a phylogenetic analysis of SigR-RsrA orthologues and their regulons across a group of Actinomycetes using a computational method previously described (Dufour et al., 2008; 2010a) . Since this phylogenetic analysis relies on the accurate computational detection of putative SigR promoter sequences, we constructed a refined SigR promoter model by aligning the sequences of predicted promoters corresponding to 57 enriched regions in the ChIP-chip assay that matches with genes transcribed in a SigR-dependent manner (Table S1 ). Figure 4A demonstrates a new SigR consensus logo, with a representative sequence of GGAAT-N18-19-GTT.
We first detected and aligned the protein sequences of all SigR orthologues found in 42 Actinomycetes to determine the conservation of their DNA binding domains (only Mycobacterium leprae TN did not possess SigR and RsrA orthologues). The multiple sequence alignment showed that the protein domains determining promoter sequence specificity (regions σ2.4 and σ4.2) of SigR orthologues are well conserved across all species (Fig. S1) . Therefore, we assumed that all SigR orthologues recognize very similar if not identical promoter sequences. Thus, we identified putative SigR targets across all the selected genomes by searching in each genome for sequences matching S. coelicolor SigR promoter model (Fig. 4A ) in the upstream of annotated genes. With the promoter score cutoff chosen for this analysis, we captured 72 of the 108 SigR promoters defined by our ChIPchip analysis in S. coelicolor. Finally, putative SigR target genes across the 42 genomes were grouped by orthology and clustered according to the occurrence of predicted SigRdependent promoters.
The emerging phylogenetic patterns predicted that the top 25 sets of orthologous genes appear to be regulated by SigR orthologues across most of the 42 Actinomycetes, thus, forming a core conserved regulon for the response to thiol oxidative stress (Fig. 4B , Table  2 ). The predictions resulting from this comparative genomics analysis are well supported by the experimental data presented in this report because 20 of the S. coelicolor genes corresponding to the top 25 conserved SigR targets are associated with SigR ChIP-chip peaks (Table 2) . Excluding the regulator pair SigR-RsrA, the predicted functions of these genes fall in 6 categories: (i) thiol redox homeostasis with trxB (#80), trxC (#217), mrxA (#927), msrA (#157) and 2 Dsb-like proteins (#1014, #1783); (ii) protein quality control with dnaK (#61), grpE (#445), clgR (#646), clpC (#1) and htpX (#723); (iii) flavin-mediated oxidoreductases (#838, #1779, #1973); (iv) translational modulation with prfA (#236) and rpmE1 (#37); (v) transcriptional modulation with rbpA (#598) and Mtb-sigB (#2534); (vi) iron-sulphur cluster assembly with sufA (#677). Additionally, hypothetical proteins of unpredictable functions (#852, #1035, #1997, #5796) were included. Table 2 summarizes the description of each set of orthologous genes, by presenting its representative gene and the genera in which it occurs among 22 genera examined. The analysis predicts that the thiol redox homeostasis and protein quality control are the two most outstanding functions in the core SigR regulon across actinomycetes, followed by transcriptional and translational modulations. Mtb-sigB, a group 2 sigma factor, controls general stress response and is induced by a variety of stressors and by multiple sigma factors such as SigH and SigE in Mycobacterium tuberculosis (Sachdeva et al., 2010) . Therefore, in many actinomycetes, it is likely that SigR orthologues control the expression of another general stress factor of non-ECF family, suggesting that the stress signal initiates a transcriptional cascade, which includes multiple DNA binding proteins. The function of RbpA is not well understood except that it associates with RNA polymerase and confers resistance to rifampicin in actinomycetes (Newell et al., 2006; Dey et al., 2010) . PrfA terminates translation as a peptide release factor and recycles ribosome whereas RpmE1 is the ribosomal protein L31. How the induction of genes for PrfA and RpmE1 is beneficial under thiol-oxidative conditions is not clear. The rpmE1 gene encoding an isoform of L31 with cysteine residues for zinc-binding is induced by SigR, whereas the cysteine-negative paralogue rpmE2 is induced by Zur under zinc-depleted condition in S. coelicolor (Owen et al., 2007; Shin et al., 2007) . Whether thiol oxidations in ribosomal components or translational complex causes increased demand for PrfA and RpmE1 and whether zinc-containing RpmE1 is sensitive to oxidative stress deserve future studies.
When we extended the analysis to include less conserved genes up to 250 gene sets, we found that some gene sets are still conserved significantly across actinomycetes, whereas others are more restricted to certain genera. Figure 5 displays the clustered pattern of these gene sets to exhibit a relatively common group (E) and genus-specific groups (A, B, C, D, F, G), distributed to a specific genus such as Streptomyces (group A&E), Salinispora (group B&E), Frankia (group C&E), Corynebacterium (group D), Mycobacterium (group E&F) and Arthrobacter (group G). The so-called extended regulon of S. coelicolor (group A&E) contains 79 genes, and among genes with predicted functions the main functions represented are: electron transport (9 genes), biosynthesis of cofactors (9 genes), transcriptional regulators (6 genes), and protein homeostasis (5 genes). However, only 29 of these 79 putative targets are associated with a ChIP-chip peak from our analysis, suggesting that the computational detection of SigR targets that are not broadly conserved across the phylogeny may be impaired by a high rate of false-positive in this analysis (Fig. 5 , Table S2 ).
SigR and its paralogues with shared promoter selectivity -Overlap of SigR regulon with other regulons
Among the top 25 conserved SigR regulon members, dnaK (#61) and grpE(#445) are not directly dependent on SigR in S. coelicolor. The consensus SigR logo is not found upstream of the dnaK-grpE-dnaJ-hspR operon in S. coelicolor as well as in all the other Streptomyces genomes examined in this study. In M. tuberculosis, transcription of the dnaK operon is activated in response to heat shock and oxidative stress by SigE, a paralogue of SigH (SigR orthologue) (Fig. S2) , with similar recognition sequence (Song et al., 2008) . Mtb-sigB gene (#2534) is also recognized by SigE in M. tuberculosis. Since Mtb-SigH induces the expression of the sigE gene (Raman et al., 2001; Manganelli et al., 2002) , there exist two tiers of overlap between regulons of SigH and SigE in M. tuberculosis, arising from similar recognition sequence and from hierarchically sequential induction. Likewise, it is conceivable that the dnaK operon in S. coelicolor is regulated by a SigR paralogue that resembles Mtb-SigE. If this were true, SigR1 (SCO5147) is the most likely candidate for activating the dnaK operon in S. coelicolor (Fig. S2 ). SCO5147 could play a similar role in other species since it is found among the top 50 conserved sets of SigR-regulon members in actinomycetes (Table S2 , group E). In M. tuberculosis, the SigE-binding consensus (GGAACY-N17-18-GTT) overlaps significantly with SigH (SigR orthologue)-binding consensus (GGAAYA-N17-18-GTT) (Sachdeva et al., 2010) . It has been reported that a single position in the −35 element primarily distinguish the recognition specificity of SigE from that of SigH (Song et al., 2008) . Considering this, it is likely that the list of bioinformatically predicted SigR regulon genes includes not only those directly recognized by SigR orthologues, but also some that are recognized by SigE-type paralogues. In addition, since sigE transcription requires SigH in M. tuberculosis, the predicted SigR/SigH regulon members may include indirectly regulated ones due to regulator cascade. The extent of overlap between SigR orthologues and their close paralogues in sequence specificity as well as hierarchical regulation may differ in different organisms. Experimental verification may require not only the comparison of transcripts between the wild-type and regulator mutants, but also regulator binding studies in vivo and in vitro.
Involvement of ClgR in the core SigR regulon is intriguing ( Table 2 ). The clgR gene (SCO5755) is co-transcribed with SCO5754, a SigR target gene which encodes a homologue of CinA known to be induced by DNA damage and competence in Streptococcus pneumoniae (Martin et al., 1995) . In S. coelicolor ClgR positively regulates genes for proteases (clpP1/P2, lon, clpC) that are direct targets of SigR (Bellier and Mazodier, 2004) . In C. glutamicum, ClgR controls transcription of genes involved in proteolysis and DNA repair such as ptrB encoding endopeptidase, hflX encoding a GTP-binding protein, recR for recombinational repair of UV-induced DNA damage (Engels et al., 2004) . Inclusion of known ClgR targets in the SigR regulon of S. coelicolor demonstrates an interesting regulatory circuit that involves double positive regulators. The contribution of SigR appears critical to allow promoter recognition as well as provision of ClgR in transcribing ClgR target genes.
Functional overlap between prokaryotic SigR regulon and eukaryotic Nrf2 regulon suggests a broad conservation of the thiol oxidative stress response
Examination of SigR regulon genes in S. coelicolor reveals a striking functional similarity with an analogous system in mammals as summarized in Fig. 6 . The Nrf2-Keap1 system in higher eukaryotes constitutes a defence mechanism against stresses imposed by electrophiles and oxidants. Nrf2 is associated with its inhibitor Keap1, which facilitates ubiquitination and proteosomal degradation of Nrf2. Attacked by electrophiles or oxidants, Nrf2-Keap1 interaction is disrupted, and the released Nrf2 induces its regulon genes through binding to antioxidant response elements (ARE) (Kensler et al., 2007) . Nrf2 protein itself does not have any sequence homology with SigR. However, the mechanism by which it is activated involves thiol-disulphide isomerization of its inhibitor Keap1 as occurs in the activity modulation of SigR by RsrA (Dinkova-Kostova et al., 2002) . Similarly to RsrA, Keap1 has many cysteine residues (27 cysteines) and responds to oxidative and electrophilic stressors. Functions of the downstream target genes also overlap significantly between the SigR/RsrA and Nrf2-Keap1 systems. When activated, Nrf2 induces genes for various thiol homeostatic proteins, such as glutathione peroxidase, γ-glutamyl-cystein synthetase, thioredoxin reductase and peroxiredoxin 1, which are functionally related with thiol redox proteins, such as thioredoxins and their reductase, peroxiredoxin, mycothiol synthetic enzymes, and mycoredoxins regulated by SigR (Thimmulappa et al., 2002; Rangasamy et al., 2004) . Just as Nrf2 increases synthesis of proteasome subunits and γ-glutamyl peptidase, SigR activates expression of lon, pepN, clp proteases and mpa (Kwak et al., 2003) . The amino acid sequence of pepN is homologous to γ-glutamyl peptidase. Both Nrf2 and SigR regulate pentose phosphate pathway enzymes such as glucose 6-phosphate dehydrogenase and transaldolase for generating reducing potential NADPH. The SCO2763 gene product, a putative ATP-binding cassette (ABC) transporter, is a close homologue of multidrug resistance-associated protein 1 (Mrp1/Abcc1) whose expression depends on Nrf2 and is responsible for cellular extrusion of GSH-conjugates (Hayashi et al., 2003) . Whether SCO2763 has a function in exporting mycothiol (MSH)-S-conjugates of electrophiles deserves experimental study.
Conclusions
Genome-wide identification of direct SigR binding sites under thiol-oxidative stress conditions, combined with transcript and sequence analyses, revealed many new genes of SigR regulon in S. coelicolor. The wide spectrum of target genes that include cascades of regulators indicates that SigR is a global regulator. As expected, SigR induces many genes related with homeostasis of thiols in proteins and small molecules (mycothiols), and proper protein quality control, which are most prominently affected by thiol-reactive/oxidative stressors. Additionally, SigR induces many genes for ribosome-associated components, transcriptional regulators including sigma factors, numerous oxidoreductases (many of which are predicted to contain flavin), DNA damage repair, cofactor metabolism that include several Fe-S containing enzymes/proteins, and lipid synthesis. The full list of SigR target genes enabled prediction and experimental demonstration of new physiological functions of the SigR regulon under thiol-oxidative stress condition. We found that SigR directly contributes to maintain the level and activity of the major housekeeping sigma factor HrdB through increasing its transcription during oxidative stress. SigR also confers resistance to UV and thiol-reactive compounds, likely by inducing enzymes of DNA damage repair. Generation of a refined SigR promoter model enabled comparative genomics analysis of the SigR regulon, which revealed the existence of a core SigR regulon conserved across 42 selected Actinomycetes. The most prominent functions of the conserved SigR-orthologue regulons are related with thiol redox homeostasis, including the maintenance of sulphurcontaining amino acids, and protein quality control involving chaperones and proteolytic systems. In addition, genes for translational modulation, transcriptional regulatory cascades, oxidoreductases and Fe-S assembly functions are also included. The bioinformatic analysis also predicts the existence of variable extended regulons specific for each genus. These results complement the experimental characterization of the SigR regulon in S. coelicolor to identify genes and functions that are most likely to be critical for the biological response to thiol oxidative stress. Comparison of SigR-regulated gene functions with those of thioloxidative stress response system (Nrf2-Keap1) in mammals reveals many shared gene functions, suggesting a robust physiological mechanism to deal with thiol-reactive stresses across distantly related life forms.
Experimental procedures Strains and media
Spores of S. coelicolor A3(2) strain M145 were inoculated in YEME liquid medium containing 5 mM MgCl 2 •6H 2 O and 10% sucrose, and were grown at 30°C (Kieser et al., 2000) . NA plates (0.8% nutrient broth, 2% agar powder) were used for spotting test. E. coli was grown in LB broth (1% tryptone, 0.5% yeast extract and 1% NaCl). E. coli ET12567, a non-methylating strain containing pUZ8002 for donor functions and BW25113 harbouring pIJ790 for linear DNA recombination were used for disruption as recommended (Gust et al., 2002) .
Chromatin immunoprecipitation on a chip (ChIP-chip) analysis
The probes used to fabricate the custom-made 385 K NimbleGen microarray (Roche NimbleGen, Madison WI) for the ChIP-chip experiment were designed using the 'chipD' software (Dufour et al., 2010b) . The parameters were set to obtain complete tilling of the S. coelicolor A3(2) genome with overlapping isothermal probes that ranged from 35 to 75 bases with an average spacing of 24 bases. In addition, probes alternate between the forward and reverse orientation to capture both DNA strands. The probe sequences and the ChIPchip data are available at the NCBI's Gene Expression Omnibus database with the accession number GPL14825 (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GPL14825).
Streptomyces coelicolor cells (wild-type M145 and ΔsigRrsrA mutant strains) were grown to exponential phase (OD ~ 0.3) and were treated with 0.5 mM diamide for 20 min to prepare samples for the ChIP-chip experiment. The samples were prepared as previously described (Dufour et al., 2008) . Briefly, the cell cultures were fixed with 1% formaldehyde for 4 min at 30°C followed by quenching with 0.125 M glycine for 30 min in ice, washed with phosphate-buffered saline, and frozen. Cells were suspended in 100 mMTris (pH 8.0), 300 mM NaCl, 2% Triton X-100, and 1 mM phenylmethylsulphonyl fluoride, and sonicated to lyse cells and fragment the genomic DNA. Micrococcal nuclease (100 U ml −1 ) and RNase A (1 µg ml −1 ) were added to the preparation to further fragment the genomic DNA and degrade RNA. Cell debris was removed by centrifugation and an aliquot was removed to analyse DNA fragmentation by agarose gel eletrophoresis (desired size of ~200-1000 bp with enrichment for ~500 bp molecules). Anti-SigR rabbit polyclonal serum (7.5 µl) was used to immunoprecipitate cross-linked DNA fragments for each sample prepared from about 50 ml culture. A mock immunoprecipitation was performed on the ΔsigRrsrA cells using the same serum to detect non-specific interactions. The enriched DNA was amplified via ligation-mediated PCR amplification using oligonucleotide linkers (oJW102: GCGGTGACCCGGGAGATCTGAATTC; oJW103: GAATTCAGATC). The DNA enriched using anti-SigR serum was labelled with Cy5 dye while DNA from the mock precipitation was labelled with Cy3. Labelled DNA from three independent immunoprecipitation experiments were pooled together in equal proportion to obtain the 4 µg of DNA that was hybridized on a microarray. Sample hybridization and microarray scanning were performed by Roche NimbleGen (Madison, WI) according to their standard protocol.
For each array, the Cy3 and Cy5 signals were normalized using the vsn method (Huber et al., 2002) in the R statistical software environment before calculating the log 2 ratio of the experimental signal (Cy5) over the control signal (Cy3). A plot of the intensity ratios versus intensity averages revealed no dye bias. Therefore, no further correction was applied to the data. To remove the signal generated by non-specific DNA immuno-precipitation, the signal from the ΔsigRrsrA cells was subtracted from the signal obtained from the wild-type cells. Only one array was hybridized for each S. coelicolor strain. Regions of the genome enriched for occupancy by SigR were detected using the TAMALPAIS method (Bieda et al., 2006) at P-value ≤ 0.05 using a threshold set at the 99th percentile of the log 2 ratio. The relative peak intensities were calculated by averaging the 10 highest consecutive probe signals for each selected peak.
Re-examination of expression profiling experiments under diamide stress
The microarray data of Kallifidas et al. (2010) were re-examined. To increase the detection sensitivity of SigR-dependent transcripts, the change in transcript abundances in the wildtype strain (M600) was divided by the change in transcript abundances in the ΔsigR mutant strain (J2139) measured 20 min after the addition of diamide. Transcripts that were at least 1.5-fold more abundant in the wild-type strain were selected to identify putative members of the SigR regulon. Taking the ratio of the changes in abundance may help identify SigRdependent transcripts that did not show net increase in abundances in the wild-type strain because higher activity of the SigR-dependent promoter may be accompanied by lower activity of an alternative promoter.
S1 nuclease mapping
Cells were treated with 0.1 ~ 0.5 mM diamide at the exponential growth phase (OD ~ 0.3) for 20-120 min. After harvest, they were disrupted by sonication in Kirby mix. RNA isolation and S1 nuclease mapping was performed according to a standard procedure (Kieser et al., 2000) . Promoter regions (from −500 to +60 nt relative to each start codon of SigR regulon gene) were amplified by PCR and used as probes. Probes were labelled with [γ-32 P]-ATP and hybridized with 5-50 µg RNA at 50°C. After S1 nuclease treatment, protected DNAs were separated on 5% polyacrylamide gel containing 7 M urea. Signals were detected and quantified by BAS-2500 (Fuji film).
Western blot analysis
Cells were grown and treated with diamide as described for sample preparation for S1 mapping. Harvested cells were re-suspended in lysis buffer [20 mM Tris-HCl (pH 7.9), 10% (v/v) glycerol, 5 mM EDTA, 0.1 mM DTT, 10 mM MgCl 2 , 1 mM PMSF, 0.15 M NaCl]. The suspension was sonicated with ultrasonicator (Sonics and Materials), and cleared by centrifugation. Protein concentration in crude cell extract was determined by Bradford reagent solution (Bio-Rad) using BSA as a standard. For each sample, ~ 10 µl cell extract containing 50 µg protein was further diluted to the final concentration of 0.125 µg µl −1 with lysis buffer (up to 400 µl) that additionally contain 50 µg BSA to serve as a protein buffer. Aliquots of 8 µl containing 1 µg crude protein extract and the same amount of BSA were resolved on 10% SDS-PAGE. Immuno-detection by polyclonal mouse antibody against HrdB protein and the anti-mouse IgG secondary antibody at 1:5000 dilution ratio, followed by ECL detection system (Amersham Life Science), was done as described previously .
Sensitivity test
The disruption mutant of SCO1958 (uvrA) was obtained by using PCR-targeting mutagenesis protocol (Gust et al., 2002) as described previously . The wild-type and mutant spores (10 5 , 10 4 , 10 3 ) were spotted on NA media. For UV sensitivity assay, the spotted spores were exposed to UV in the CL-1000 UV cross-linker at 50 or 100 J m −2 before incubating. For chemical sensitivity, spores were spotted on NA media containing 0.6 mM diamide, 1 mM methylhydroquinone or 1 mM methylglyoxal, and incubated from 2 to 6 days at 30°C.
Determination of orthologous genes and phylogenetic tree reconstruction
All the genome sequences were obtained from the Integrated Microbial genome database on September 2008 (http://img.jgi.doe.gov) (Markowitz et al., 2006) . Groups of orthologous genes were determined using the OrthoMCL 1.4 software (http://www.orthomcl.org/) using the default parameters (Li et al., 2003a) . To determine the species phylogenetic tree, we first selected about 20 proteins from groups of orthologues that have only one member in each genome and aligned the amino acid sequences with the MUSCLE 3.7 software (http:// www.drive5.com/muscle/) (Edgar, 2004) . The alignments were then concatenated and poorly aligned positions were removed using the GBlocks 0.91b software (http:// molevol.cmima.csic.es/castresana/Gblocks.html) (Talavera and Castresana, 2007) . Finally, the phylogenetic tree was computed from the multiple alignment using the Fasttree 1.0.0 software (http://www.microbesonline.org/fasttree/) set to default parameters (Price et al., 2009) .
Comparative genomics reconstruction of the SigR regulon
The phylogenetic analyses used to predict the conservation of SigR target genes across related species was conducted as previously described (Dufour et al., 2010a) . The SigR promoter sequence model used to predict target genes across all the genomes sequences was constructed by aligning 58 SigR promoter sequences from S. coelicolor using the HMMER 1.8.5 software (http://hmmer.janelia.org/). To detect putative SigR-dependent promoters we scored the 300 base pair sequence upstream of every annotated gene in each genome. The distribution of scores of each genome was normalized to a normal distribution to eliminate the influence of varying base composition in the background sequences among species. In addition, because bacterial genomes are organized in polycistronic operons, the promoter scores were propagated to the remaining genes of the operon according to the probability that consecutive genes are co-transcribed. Operon predictions were obtained from the VIMSS database (http://www.microbesonline.org/operons/) (Price et al., 2005) . Finally, genes with a z-score of ≥ 2.0 were selected as putative SigR targets. SigR-dependent transcription activation of the hrdB gene encoding the major sigma factor in S. coelicolor. A. The position of the SigR-dependent promoter p2 upstream of the hrdB coding region predicted from ChIP-chip and sequence pattern. The previously reported promoter p1 resides further upstream. B. S1 nuclease mapping of hrdB transcripts from diamide-treated cells revealing two alternative transcripts.
C. Western blot analysis of HrdB protein. Crude extracts from cells treated with diamide (0.1 mM) for up to 120 min were analysed to quantify the amount of HrdB protein as described in Experimental procedures. For each lane, an aliquot of 1 µg protein extract plus 1 µg BSA in lysis buffer was analysed. Results from four independent experiments were quantified to estimate changes in the level of HrdB protein upon oxidative stress, presented with the average value ± standard deviations (SD).
Fig. 3.
Sensitivity of ΔuvrA and ΔsigRrsrA mutants to UV and thiol-reactive oxidants and electrophiles. Serially diluted spores of wild-type (WT), ΔsigRrsrA, ΔuvrA strains were spotted on NA plates with or without added chemicals such as diamide (0.6 mM), methyl hydroquinone (MHQ, 1 mM) and methyl glyoxal (MG, 1 mM). For UV irradiation, the spotted plates were exposed to UV light from UV cross-linker for 30 seconds. Plates were incubated at 30°C for 1 (untreated), 2 (UV, diamide), 5 (MHQ) or 6 days (MG). The top 25 orthologous sets of genes predicted to be SigR targets across 42 selected Actinomycete species from 22 genera. A. Sequence logo of the SigR promoter motif in S. coelicolor. The logo was derived from the alignment of 58 SigR-dependent promoters detected by ChIP-chip. The heights of the letters represent their conservation at the particular position of the multiple sequence alignment. The −35 and −10 regions are separated by a non-conserved spacer region of 18 or 19 base pair. The logo was produced using WebLogo (http://weblogo.berkeley.edu/). B. The heatmap indicates whether the promoter region of the corresponding gene contains a putative SigR promoter for each species (row) and each set of orthologous genes (column).
Orange and yellow indicate moderate and strong match to the SigR promoter model respectively. Black indicates that the corresponding species possess a gene belonging to the corresponding orthologous set but that no match to the SigR promoter model, while grey indicates that the species lacks a gene representing the orthologous set. Species are organized according to their phylogenetic relationship as indicated by the dendrogram on the right. Sets of orthologous genes are identified by arbitrary numbers ( Table 2) . Sets of orthologous genes containing confirmed SigR target genes in S. coelicolor are indicated by circles at the bottom. Red circles indicate genes detected by SigR ChIP-chip and experimentally verified for SigR-dependent expression. The black circle indicates a gene that is associated with a SigR ChIP-chip peak without experimental verification. The top 250 orthologous sets of genes predicted to be SigR targets across 42 selected Actinomycetes. The heatmap colour coding is identical to Fig. 4 . Species are organized in the same order as in Fig. 4 . Red marks indicate genes that are associated with a SigR ChIP-chip peak and differentially expressed under diamide stress, while black marks indicate genes that are only associated with a SigR ChIP-chip peak. The broader characterization of the conservation of SigR targets predicts in addition to the core regulon the existence of extended SigR regulons that are specific to lineages of related species. Lineage specific SigR regulons are indicated by letters on top, and the gene composition of each group is summarized in Table S2 . Induction and function of SigR regulon in comparison with mammalian anti-oxidative Nrf2-Keap1 system. SigR regulon is induced in response to thiol-reactive oxidants and electrophilic compounds, through inactivation of antisigma RsrA by forming intramolecular disulphide bond. Nrf2 regulon is induced by similar stressors, through inactivation of inhibitory factor Keap1 that facilitates degradation of Nrf2, by forming multiple intra-and inter-molecular disulphide bonds, and S-alkylation. Functions of SigR target genes overlap with those of Nrf2 targets to a large extent, which include thiol redox homeostasis, small thiol-mediated detoxification, protein quality control, and pentose phosphate pathway for generating NADPH. The scheme for Nrf2 activation mechanism is simplified to highlight analogy with SigR-RsrA (Kensler et al., 2007; Antelmann and Helmann, 2011) .
